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Abstract
This chapter presents an account of two metal oxide nanoparticles (zirconium and nickel 
oxide) on basis of their structure, morphology, crystallinity phases, and their wetting 
effect on solid-liquid interface. As a preliminary step to sound understanding of process 
mechanisms; wettability, nanoparticles, and their relations thereof were scrutinized. To 
investigate the nanofluids wetting inclinations, complex mixtures of the nanoparticles 
and NaCl brine (ZrO
2
/NaCl; NiO/NaCl) were formulated and their technical feasibility as 
wetting agents tested via contact angle measurement. The result shows that the nanopar-
ticles exhibit different structural and morphological features and capable of addressing 
reservoir wettability challenges owing to favorable adsorption behavior on the surface of 
the calcite which facilitated the wetting changes quantified by contact angle. We believe 
this study will significantly impact the understanding of wetting at solid-liquid interface 
which is crucial for recovery process optimization.
Keywords: nanoparticles, calcite, zirconium oxide, nickel oxide, carbonate, wettability, 
EOR
1. Overview of nanomaterials
In the past half century, industrial processes in general have experienced a transition in mate-
rial applications owing to a shift from conventional bulk materials toward nanoscale materials. 
This has driven innovative applications in wide-ranging areas of science and technology glob-
ally, thus yielding a proliferating interest and investment in nanoscience and nanotechnology 
fields. The increase possibilities for the manipulation of matter in nanometer-scale have primar-
ily led to this growth with nanomaterials at the leading edge of this fast-developing field. The 
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 potentials for direct control of systems at the same scale as nature such as DNA, cells, mitochon-
dria and even reservoir rock pores can yield effective approaches in a wide variety of industrial 
processes such as the production of chemicals, materials, and energy [1]. Although nanomate-
rial appears to be a recent development owing to the current tremendous research growth and 
diverse applications, this material is not completely new as it has a rather shocking protracted 
history. The knowledge of the materials commenced as early as the 1950’s by Richard Feynman 
who proposed that fabrications of materials and devices can be performed at atomic scales. Then 
in the 1980s, the term nanotechnology became even popular as established by Drexler Eric K. 
The current applications of these materials are not an exclusive result of modern research or 
laboratory synthesis, or even circumscribed to man-made materials. These materials have long 
been in existence with traceable applications in the old days. For instance, natural asbestos 
nanofibers and metal nanoparticles were used several decades ago for the control reinforce-
ment of ceramic matrix and as color pigments in glass and luster technology respectively [2, 3].
Ever since, novel studies of nanoscale fundamentals and principles, design, characterization, 
production, and application of these materials [4–6] have evolved and remained intriguing 
and ground-breaking. Since 2000, the nanotechnology industry has experienced a growing 
trend and the funding of nanotechnology research has also been on the rise (Figure 1). For 
example; in 2013, the global market for nanotechnology was estimated at $22.9 billion, by 2014, 
the estimate had grown to about $26 billion with a further projected growth of about $64.2 
billion by 2019 [7]. This innovative development involves the nanometer (nm) length scale 
manipulations of the structure of matter, where a nanometer represents a billionth of a meter, 
a distance that is equivalent to 2–20 atoms positioned next to one another. Nanomaterial has 
increasingly gained attention for a variety of processes such as electronic cooling and space 
applications, transportation, biomedicine, cooling of high-power laser diodes and subma-
rines, and heating of buildings [8, 9]. Its wide applicability also extends to the field of envi-
ronmental protection. This material exhibits great potentials as pollution reduction agent and 
improves the quality of air, water, and soil [10] and it is also currently being used as novel 
tools for oil and gas operations. Nanomaterials especially nanoparticles can be used alone 
Figure 1. Worldwide nanotechnology research and funding by year [7].
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or manipulated for the creation of larger scale materials to facilitate innovative applications. 
The material allow for clear-cut design and manipulation of atoms and molecules and its 
industrial applications are cost-effective and efficient [11, 12]. Nanoparticle cut across diverse 
fields of science and engineering and shows great potentials as effective approach for novel 
applications with high technological prospects and environmental friendliness. A recent drift 
in its application is its usage for resolving reservoir engineering challenges.
1.1. Nanoparticles
Nanoparticles are nano-sized structures with dimensions in the range of 1 to 100 nm. These 
materials exhibit unique properties with better potentials than bulk materials. Nanoparticles 
application enables the creation of new composites with unique properties which allows for 
innovative technological advancements. Unarguably, the effectiveness of this material cut 
across diverse industries such as energy, manufacturing, medicine, electronics, oil and gas 
industries etc., however, the understanding of the material is still very limited in EOR pro-
cesses especially in wetting evaluations.
Nanoparticles are categorized as magnetic (iron, cobalt etc. and the oxides) [13–16], metallic 
(gold, silver, copper, and Platinum) [17, 18] or metal oxides (oxides of aluminum, zinc, sili-
con, magnesium, zirconium, cerium, titanium) [8, 19–23]. Among these categories, the metal 
oxides are the most commonly used nanoparticles in EOR [24–28] as the material offers special 
unique structures, compositions, physical, and chemical properties. These materials display 
efficient thermal conductivity effect [8], great stability [19] and excellent saline-alkaline toler-
ance [23]. However, its effectiveness depends greatly on the preparation methods, dispersant 
and subsequent applicability. Generally, nanoparticles can be prepared via chemical, biologi-
cal or physical methods, although the preparation method is mainly based on the nature of the 
material and associated chemical reactions [29], and the applications thereof.
1.2. Nanofluid production and stability control
Nanofluids are colloidal suspensions of solid nanoparticles or nanofibers. These solid-liquid 
composite materials are typically two-phase systems, consisting of a carrier medium and solid 
phase. The carrier liquids are often water, polymer solution, oil, ethylene glycol and sodium 
chloride brine. The solid phases are nanoparticles of chemically stable metals and oxides usually 
within the range of 1-100 nm [30–39]. Nanofluid has continuously attracted great attention for 
various processes owing to its great thermal properties at low volume fractions of less than 1%. 
To achieve the same functionality with conventional suspensions of well-dispersed particles, 
high concentrations that are greater than 10% of particles is often a requirement. Such high con-
centrations increase the issues of rheology and stability which has remained a deterrent to the 
extensive use of conventional slurries as heat transfer fluids [35]. Nanofluid production can be 
achieved via chemical or physical synthesis. The chemical synthesis involves the use of methods 
such as thermal spraying, chemical vapor deposition, spray pyrolysis, chemical precipitation, 
or micro-emulsions. Whereas, the physical synthesis involves inert-gas-condensation technique 
and mechanical grinding approach. During its production, a one-step or two-step approach can 
be adopted. The one-step approach allows for the production of nanoparticle and its dispersion 
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in a fluid in a single combined process, which is suitable for nanofluids with high-conductivity 
metals contents. Whereas with the two-step method, production process is performed in two 
separate steps, firstly, the nanoparticle is produced, and then the produced nanoparticle is dis-
persed in a fluid – this is considered an effective strategy for commercial use [8, 9].
In the face of the diverse functionalities of the nanoparticle, a major impediment in the manip-
ulation and application of nanoparticle is the colloidal stability control. Nanoparticle tends to 
agglomerate when in suspensions irrespective of its small size. This has remained an issue 
with the production and utilization of nanoparticle based fluid as this behavior impacts the 
overall fluid stability. Such agglomeration can impede fluid flow characteristics in porous 
media as well as in flow based cooling applications [35]. Since nanofluids are typically pro-
duced in small quantities at laboratory scale, there is high potentials of yielding sufficiently 
well dispersed, homogenized, and stable fluids. However, homogeneous nanoparticle disper-
sion is often a challenge owing to agglomerating or clustering tendencies. The agglomeration 
inclination or clustering behavior of nanoparticle is dependent on the nanoparticles proper-
ties, particle concentrations, production methods, nature of dispersants, fluid homogeneity 
and stability. The nanofluids stability is vital for process efficiency as instability can influence 
the particles functionalities. Fedele et al. [19] reported stability evaluation of nanoparticle via a 
comparison of various preparation methods such as ball milling, sonication, and high-pressure 
homogenization. The ball milling method produced the least stable fluids when compared to 
sonication and homogenization, which produced better stable fluid. The use of magnetic stir-
rer or ball milling method has been shown to be rather insufficient for stable nanofluid formu-
lation [23]. Similarly, Roustaei and Bagherzadeh [20] reported sonication and homogenization 
[21–23] as the most efficient methods.
An approach to ensure the stability and homogeneity of nanofluids aside the use of additives 
or stabilizers, is the uniform dispersibility of the particles in the solution. Attaining high-per-
formance heat transfer nanofluids require efficient dispersion of the particles in the base fluid 
[8, 12, 40, 41] and ensuring an approximately monodispersed or non-agglomerated nanoparti-
cle in liquids during the production of the suspensions. Thus, the fluid stability and excellent 
particle dispersion in base fluids can be significantly improved by using appropriate disper-
sants, suitable fluid production methods, and surface treated nanoparticles. Suitable dispersal 
and fluid production methods are vital to achieving desirable properties and uniform distri-
bution of the particles in the system which can further prevent issues of agglomeration and 
can also improve the mechanical properties such as strength and ductility of the system [42]. 
Careful consideration should also be given to the concentration of the nanoparticles, as high 
particle concentration volume can propel high particle agglomeration.
2. Wettability
Wetting applies to several practical processes and a variety of industries such as energy, marine, 
manufacturing and materials. Wetting processes often involve the interaction of solids such 
as porous material, suspensions, or fibers, and liquids - water, ink, dye or lubricants. Typical 
indications of solid-liquid wetting can be illustrated using standard scenarios to correlate the 
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dynamics such as: (1) the interaction between porous soil and water - where the water wets the 
solid components of the soil; (2) enhanced oil recovery processes - where the process permeates 
water into oil-wet porous media. However, the mineral floatation in these processes is often 
based on the selective wetting characteristics of the mineral particles [43]. Two key mechanisms 
[44] governs wettability alteration of surfaces - cleaning and coating. Cleaning involves the use 
of surface-active agents to desorb surfaces e.g. surfactants induced wettability alteration, where 
cationic surfactants can desorb the hydrophobic layer on a surface while changing the surface 
toward hydrophilic condition. Whereas coating involves covering a hydrophobic surface with a 
hydrophilic material, e.g. hydrophilic zirconium nanoparticle can adsorb on hydrophobic rock 
surface and form nanotextures capable of coating the hydrophobic surfaces. At large scales, wet-
ting or non-wetting plays an essential role during oil recovery [45]. Inadequate formation wetting 
can prohibit efficient hydrocarbon flow, which in turn hinders the oil, gas or water movement or 
distribution through the pore spaces, as such fluids may appear to have flowed whereas its dis-
tribution through the pore spaces is hindered owing to poor rock wetting. Assuming a system 
contains only three phases (solid, liquid, and vapor), for any two of these phases to be in contact, 
a transitional area of molecular dimensions occurs owing to the compositional alteration of the 
system that leads to phase changes. For example, if a non-volatile molecular smooth solid is in 
contact with an inert gas, it is expected that the system will exhibit a transition region thickness 
of about a molecule, this would cause a change from solid molecules to gas molecules. Whereas, 
if similar trend occurs on an irregular surface, the transition region would reflect the physical 
non-uniformity of the surface and a concentration profile of the region would indicate the exis-
tence or non-existence of the solid phase. Similar concentration profile phenomenon holds for 
solid-liquid systems; however, the related specifics are dependent on the solubility of the solid 
in the liquid or the solubility of the liquid in the solid [46, 47]. In a typical solid-liquid-vapor 
three-phase system [48], the system would exhibit a completely dry behavior if there is an intru-
sion of a macroscopic vapor layer between the solid and the liquid; a partial wetting behavior if 
the droplet is bounded by microscopic thin film that is adsorbed on the surface of the solid; and 
complete wetting occurs due to macroscopic adsorbed thick wetting layer.
With respect to petroleum reservoir rocks, wetting is ascribed to the measurement of the 
reservoir rocks affinity for water or oil in a typical rock-fluid-oil system. An understanding 
of the wetting preference of rock is vital, as it unveils the mechanisms behind fluid flow in 
porous media, soil decontamination process evaluations, and ultimately promotes recovery 
efficiency. Reservoirs exhibit different wetting inclinations: water-wet, oil-wet, or intermedi-
ate-wet (Figure 2). Reservoir rocks considered as water-wet have high affinity for water and 
water predominantly occupies the tiny rock pores as well as the surface of the formation rock. 
Whereas, oil-wet reservoir rocks have high affinity for oil and such oil mainly occupies the 
tiny rock pores and the formation rock surface. For example; in controlled laboratory experi-
ments involving the manipulations of cores or rock samples, the samples are usually cleaned 
and modified to a preferential wetting state. If such samples have high affinity for water or 
were originally water wet, then saturated to a suitable oil-wet state, the rock surface becomes 
even more oil-wet or hydrophobic upon exposure to oil under efficient and favorable treat-
ment conditions. However, this does not influence the actual wetting affinity of the rock. The 
actual wetting affinity can be affirmed by exposing such hydrophobic rock to a water imbibi-
tion test. The water imbibing potential of the rock can be used to predict its wetting affinity.
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Ideally, if the rock has high affinity for water then the oil will be displaced from the surface 
of the rock by water. Whereas if a rock with high affinity for oil is saturated with water, and 
then the rock is placed in an oil-wet environment, the oil will displace the water from the 
rock surface while efficiently imbibing into the rock pores. In the absence of an actual inclina-
tion for water or oil, the formation rock is considered intermediate wetting. Aside from these 
key-wetting preferences, there also exists fractional wetting where the formation rock exhibit 
different wetting inclination in different sections of the rock [49–53].
2.1. Carbonate porous media and wettability challenges
Reservoir rocks considered as porous media are formations with an interconnected network of 
pores or voids characterized by the rock’s porosity, and physical and textural properties that 
exhibit a dependency on the formations constituents. Oil recovery exhibits great dependency on 
the formation wettability as it controls the fluid displacements of the wetting and non-wetting 
phase at the pore scale. Reservoir wettability is a prime factor for determining the microscopic 
displacement efficiency in the swept regions of a waterflood. Originally, reservoirs were strongly 
water-wet, and the formation traps were initially filled with water, thus the surface of reservoir 
rocks had high affinity for water in the presence of oil. However, overtime, oil migrated into such 
formations forming firm adsorbed layers of heavy hydrocarbons that poise several challenges 
and cannot be altered via gasoline or mere solvent applications. The oil migration and accumula-
tion cause water to be retained in the rock pore spaces due to capillary pressure, while the rock 
pores surface become covered by oil, and water existed on such surfaces in the form of films. 
Such effect is primarily due to the rock surface wettability changes owing to the ease of invasion 
by a wetting fluid, which causes lithological variances. The level of oil migration also determines 
the formations wetting state. For instance, if the migrated oil is negligible, the possibilities are 
that the neighboring formations will be more oil wetting, while the tight regions of the formation 
would exhibit more water-wet behavior [49–55]. This behavior is more prevalent in carbonate 
rocks owing to the oil-wet character of this formation, which is still poorly understood.
It is well established that heterogeneous carbonate rocks are more prevalent globally. Carbonate 
rocks exhibit complex microstructures [56–58] and its complex nature impacts reservoir wetting 
preference. These formations are predominantly naturally fractured, and exhibits diverse wet-
ting conditions; intermediate-wet or oil-wet behavior with as high as over 80% oil-wetness. The 
Figure 2. Rock surface wetting transition from hydrophobic to hydrophilic. Left: Oil-wet (105–180◦); Center: Intermediate-
wet (75–105◦); right: Water-wet (0–75◦).
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oil-wet nature of carbonate formation is due to its surface charges, which tend to attract nega-
tively charged carboxylic acids compounds in crude oils [59–61]. Ideally, the formations positive 
surface charges attract crude oil acidic components. Carbonate reservoirs are problematic, as the 
complex wetting characteristics of this reservoir make the production capacity quite different in 
comparison to other conventional formations. Typically, an enormous capacity of the original oil 
in place is left stranded in this formation after primary and secondary oil recovery approaches 
are employed. Such approaches have been implemented for several decades, however, the frac-
tion of recoverable oil from this reservoir is less than two-thirds [39, 62]. Fractured reservoir 
with enormous oil resources in its matrix requires advanced approaches for efficient recovery. 
Although water flooding enhances productivity in this reservoir by imbibing water from the 
formation fractures into the rock matrix, while enhancing oil flow out of the matrix through the 
fractures to the production well, this is mainly achievable if the capillary driving force is robust 
and efficient as it influences recovery efficiency, and the interaction between the matrix and the 
fracture is required for oil recovery from the formation matrix. Capillary forces have a signifi-
cant effect on recovery capacities, however, its impact is greatly dependent on the nature of the 
reservoir, whether it is fractured or non-fractured. For non-fractured reservoirs, the presence 
of strong capillary forces during water flooding traps oil, however, the residual oil saturation 
becomes relatively high. Hence, the need for a reduction of the oil-water interfacial tension forces 
in order to remobilize residual oil in such formations. Whereas, for fractured reservoirs such as 
carbonate, the key driving force for efficient oil displacement in this formation is the spontane-
ous imbibition of water [63, 64]. Capillary effect and wettability are the underlying mechanisms 
in this case. This effect is attainable if the formation rock is hydrophilic [65]. Strong capillary 
effect occurs if the matrix is sufficiently water-wet and the fracture network holds enough water. 
Ideally, this is not the case with carbonate reservoir, as it is characterized by complex microstruc-
tures and poor rock wettability (intermediate-wet or oil-wet). This behavior impedes productiv-
ity, hence, harnessing substantial oil from this formation is rather unsatisfactory.
Understanding wettability in oil-wet carbonate reservoir is challenging owing to the complex 
nature of crude oil, and its characterization is even more difficult. Crude oil contains polar 
compounds which are normally surface-active and capable of altering reservoir rock surfaces 
when adsorbed [55, 66–69]. Among such polar compounds, asphaltenes and resins have the 
most polar oil fractions with high surface activity. Asphaltenes are known for their propensity 
to self-associate in solution, with high surface adsorption behavior. Surface wettability altera-
tion is mainly caused by the asphaltenes through interaction of its polar functional compo-
nent with the surface polar sites, which leads to operational problems, and such interaction 
poses even more complexities [66, 70–75]. Since the distribution of the oil in the reservoir 
is dependent on the degree of the reservoir rock wettability, it is, therefore, imperative to 
quantify the balance of forces existing at the line of contacts between the rock, oil, and water. 
Typically, if the oil and water are in contact with the rock surface, either of these fluids will 
exhibit displacement tendencies of the other or attain equilibrium as the fluids create an angle 
of contact with the rock. However, such interactions can be affected by factors such as the 
mineralogy of the rock surface, brine composition, pore roughness and the nature of the oil.
Contact angle and spontaneous imbibition tests are key approaches for assessing formation wet-
tability among other approaches such as relative permeability, capillary pressure/displacement 
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capillary pressure or USBM [49–52, 76]. However, there exists a remarkable variation in the test 
methods, which is primarily based on how much of the rock surface is exposed to the wetting 
phase or wetted by water. In contact angle tests, only the outer surface area of the sample is 
exposed to a drop of water without consideration for the inner surface of the rock, whereas, in 
the spontaneous imbibition tests, the whole sample is exposed to the wetting phase (Figure 3). 
Thus, the inner surface area of the rock can be accounted for upon displacement of the non-wet-
ting phase (oil) by the wetting phase. For example, in an oil-wet carbonate rock, for oil to be dis-
placed by the wetting phase (water/brine solutions etc.) the capillary barriers must be overcome. 
If the wetting phase penetrates the rock pores, two key possibilities exist; (a) rock wettability 
change; (b) the presence of a positive capillary due to the wettability change. Such scenarios can 
enhance recovery especially if the formation rock is hydrophilic. Figure 3b (i-ii) shows a typical 
case of an oil-wet rock or core sample placed in an imbibition cell containing NaCl brine solu-
tion (the wetting phase). The brine imbibes into the rock or core pores and pushes out the oil in 
the cores. Such expelled oil sticks on the rock surface while been collected at the top of the cell 
simultaneously for estimation of the recoverable oil. Formation rock with a considerable water-
wet condition exhibits high potentials for allowing water into the tight rock matrix pores. Thus, 
more water-wet rocks allow higher rates in spontaneous imbibition with possibilities of improv-
ing recovery. However, maintaining water wetness of formation rocks depends on the extent to 
which the water film on the rock surface is stable. The presence of unstable water films can lead 
to oil migration to the rock surface (like the behavior observed in Figure 3b), thus, changing 
the rock surface wettability. With respect to a typical crude oil system, such behavior would 
lead to adsorption of polar compounds on the solid surface which in turn changes the wetting 
properties of the solid [51]. Usually the brine present in a typical carbonate reservoir exhibits 
a somewhat basic pH (7–8), very high concentration of Ca2+, and a very small amount of CO
3
2−, 
thus the rock-water interface becomes positively charged [77]. The carboxylic materials present 
in the crude oil acts as surface-active materials, and partial dissociation of the acidic group leads 
to negatively charged oil-water interface. This behavior causes instability of the initial water 
film between the oil and the rock and the oil comes in contact with the rock yielding mixed-
wet characteristics. Several wetting studies have been conducted with crude oil used to alter 
originally water-wet surfaces to oil-wet in different systems [78–89]. For example; Standnes and 
Figure 3. Contact angle versus spontaneous imbibition (a) contact angle: Outer surface area wetted by a drop of water 
on calcite sample; (b) imbibition: The whole carbonate core sample is wetted by brine (NaCl) in an imbibition cell at 
different temperature conditions during an imbibition experiment. As the brine imbibes into the cores, the oil is pushed 
out of the cores to the rock surface and collected at the top of the cell (i) ambient temperature (22 ± 1°C); (ii) 50 ± 1°C 
showing oil droplets that have been pushed out of the cores on the outer surface of the rocks.
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Austad [79, 80] performed a wettability test on chalk cores and calcite mineral surfaces altered 
by crude oil to a sufficient oil-wet state using surfactant as the surface-active agents via sponta-
neous imbibition. The authors reported that the cationic surfactant changed the wettability of 
the chalk by desorbing the organic carboxylates from the chalk surface leading to an increased 
oil recovery of about 70% from the chalk. Buckley and Lord [83] altered mica surface to oil-wet 
using series of crude oil through atomic force microscopy (AFM), and found that the oils that 
produce the thickest coatings exhibited the highest water-advancing angles.
3. Nanoparticles and its effect on solid-liquid interface
Based on the wettability issues in carbonate formations mentioned above, here, we investigated 
two specific metal oxide nanoparticle types of interest; zirconium oxide and nickel oxide. Firstly, 
their structure, morphology, and crystallinity phases were examined. Then the wetting inclina-
tions of the nanoparticles were further tested to ascertain their solid-liquid interface behavior 
on basis of wettability owing to the growing interest in understanding reservoir rock wetting.
3.1. Nanoparticle characterization
Nickel oxide (NiO) is a metal oxide nanoparticle in the form of dark gray (Figure 4) crystal-
line solid. This material has good chemical stability, excellent electrical properties, large exciton 
binding energy, and a stable wide band gap >3 eV [90–94]. NiO is considered a p-type semicon-
ductor metal oxide particle, thus, a candidate for p-type transparent conducting films [92, 95, 
96]. This material also exhibits good optical and magnetic properties; anodic electrochromism 
properties, excellent durability, large spin optical density, and displays strong insulating prop-
erty [92, 97–100]. On the basis of reactivity, NiO surface that is considered imperfect acts as a 
useful oxidation catalyst, although, a perfect NiO is weakly reactive. The perfect surface inert-
ness of NiO is in accordance with the non-metallic properties of the material bulk system [92]. 
NiO is suitable for usage in electrochemical super-capacitors, dye-sensitized photo cathodes 
applications and smart windows applications [92, 97–100]. Other processes where uniform size, 
well-dispersed NiO nanoparticles are also suitable are in heterogeneous catalytic processes, 
design of ceramics, magnetic applications, fabrication of gas sensors, films, and cathodes of 
alkaline batteries [101–109]. Although NiO appears to be suitable for a wide variety of processes, 
its property and functionality depend on the pore morphology, pore matrix-interface and pro-
cess application. For instance, a very high specific surface area is required for this material in 
catalytic applications, whereas a rather dense material is required for cathodic applications [96].
Zirconium Oxide (ZrO
2
) is a metal oxide nanoparticle in the form of white (Figure 4) crystalline 
solid. ZrO
2
 has high refractive index, high melting point of 2680°C, wide region of low absorp-
tion from the near-UV > 240 nm to mid-IR range < 8 mm and high resistance against oxidation 
[110, 111]. This material is also characterized by high breakdown field, good thermal stability, 
large band gap >5ev, and high-dielectric constant >20 [112–115], thus, the material has been con-
sidered a potential challenger of other nanoparticles. In a recent report, it was established that 
ZrO
2
 exhibits superior chemical and thermal stability than alumina and silica nanoparticles [112]. 
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Similarly, Gopalan et al. [116] earlier reported that silica nanoparticles exhibit limited chemical 
and physical stability, as such, ZrO
2
 nanoparticle was considered as a better alternative and also 
more chemically stable than γ-alumina or silica. ZrO
2
 has an extraordinary high catalytic effect 
and it is the only metal oxide nanoparticle with four chemical properties on the surface: acidic/
basic and reducing/oxidizing properties [117]. ZrO
2
 has attracted attention in a wide variety of 
processes, as the material displays superior mechanical strength, high temperature resistance, 
high flexural strength, hardness, and low corrosion potential. As such, it can act as a catalyst, 
refractory, and insulator in transistors in fuel cells, electronic devices, and oxygen sensors, and 
also suitable for broadband interference filters, laser mirrors, and ionic conductors [118–121].
With respect to wettability, the recent relevance of nanoparticles in wetting processes is mainly 
due to the particles excellent range of physical and chemical properties as reported earlier. 
The materials surface and interface properties play an essential role in their overall behavior, 
whether during preparation or applications. However, there is a lack of understanding of 
nanoparticles wetting on basis of the solid-liquid interactions, especially, whether strongly 
hydrophobic surfaces can be rendered hydrophilic, as this is vital for EOR, soil decontamina-
tion, and carbon geo-sequestration process efficiency. Since successful oil recovery from frac-
tured carbonate reservoirs show dependency on wettability [122], it is, therefore, necessary to 
establish an understanding of ZrO
2
 and NiO nanoparticles properties, specifically, on the key 
areas that facilitate their process efficiency and subsequent influence on wetting.
4. Experimental procedure
4.1. Materials
4.1.1. Rock samples
Iceland spar calcite crystals from Ward Science as a representative of carbonate formation as 
calcite is a predominant mineral constituent of carbonate [38, 58] as also evident in the spec-
trum analysis of the calcite fraction of a carbonate rock (Figure 5; Table 1).
Figure 4. Nanoparticles in powder form (NiO-dark gray green color; ZrO
2
-white color).
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4.1.2. Nanoparticles
Zirconium oxide (Purity: 99.5 wt. %; density: 5.89 g/mL at 25°C (lit.)) and nickel oxide (Purity 
99.5 wt. %; density: 6.67 g/mL at 25°C) nanoparticles from Sigma Aldrich were used in this 
study (Table 2).
4.1.3. Oil phase
Dodecyltriethoxysilane obtained from Sigma Aldrich ((C18H40O3Si) - purity ≥99.0 mol. %; boil-ing point: 538.4 k; Density: 875 kg/m3 - Figure 6) was used for altering samples to sufficiently 
stable oil-wet state. Toluene (purity 99.9 mol. %) obtained from Sigma Aldrich was used as 
model oil.
Figure 5. Spectrum analysis of the calcite fraction of the carbonate rock.
Element Symbol Atomic concentration (%) Weight concentration (%)
Calcium Ca 62.76 57.24
Carbon C 10.78 24.64
Oxygen O 26.46 18.12
Table 1. Carbonate rock.
Sample Concentration 
(Wt. %)
Chemical 
formula
Molecular 
weight (g/mol)
Form Color Particle Size 
(nm)
Zirconium Oxide (0.005–0.05) ZrO
2
123.22 Nano 
powder
White < 50
Nickel Oxide (0.005–0.05) NiO 74.69 Nano 
powder
Dark 
gray
< 50
Table 2. Properties of nanoparticles.
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4.1.4. Aqueous phase
Sodium Chloride (purity ≥99.5 mol. %) from Rowe Scientific and ultrapure de-ionized water 
from David Gray was used. The sodium chloride was dissolved in deionized water to achieve 
desired concentrations using a 220 V/50 Hz magnetic stirrer.
4.2. Sample preparation
Sample preparation which accounts for sample treatments and techniques used, is an impor-
tant requirement in wetting analysis. Proper sample preparation, as well as, adequate sample 
quality and cleanliness are essential to eliminate any chances of methodical inaccuracies.
4.2.1. Calcite cleaning
The mineral crystals (calcite) originally hydrophilic were cleaned with analytical reagent grade ace-
tone and methanol (Rowe Scientific Pty. Ltd), and de-ionized water (David Gray & Co. Ltd). This 
was done to remove surface fragments and inorganic contaminants. Subsequently, the samples 
were exposed to air plasma for 15 mins [123–125] to remove any residual organic contaminants.
4.2.2. Aging
The clean samples were modified to oil-wet by aging in the oil phase (dodecyltriethoxysilane) 
for 12 h at 90°C. Samples were then separated from the oil phase, cleaned with methanol, and 
deionized water to remove excess silane from the surface of the rock and dried.
4.2.3. Nanofluid formulation
ZrO
2
 and NiO nanoparticles (Concentration - 0.005 - 0.05 wt. %) were mixed with a fixed amount 
of dispersals. To ensure adequate particle dispersal in the base fluid and the fluid uniformity, 
all fluids were formulated using high frequency ultrasonic homogenizer (a 300VT ultrasonic 
homogenizer and a titanium micro tip of 9.5 mm diameter) as also reported in literature [21–23, 
126]. The formulations were kept in a cool place away from heat and light and the nanofluids 
were subjected to visual monitoring for a fixed period to ensure clear and stable solutions.
4.3. Wettability quantification
Wettability quantification was achieved via contact angle measurement and mechanistic 
approaches.
Figure 6. Structure of silane and model oil (A) Dodecyltriethoxysilane; (B) toluene.
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4.3.1. Contact Angle
Contact angle (θ) was used as the deterministic tool for wettability assessments. The aged samples 
were exposed to the formulated ZrO
2
 and NiO nanofluids for a fixed period of one hour (1 h). Then 
the substrates were removed from the nanofluids and dried. A water droplet was dispensed on 
the modified calcite substrate and a high-performance microscopic camera (Basler scA 640–70 fm, 
pixel size =7.4 μm; frame rate = 71 fps; Fujinon CCTV lens: HF35HA-1B; 1:1.6/35 mm) was used 
to capture the water drop dispensing process. The advancing and receding contact angles were 
measured using a tilting stage [127] for water contact angle in air. Further analysis of the drop was 
done using Image J software and the standard deviation was ±3 based on replicate measurements.
4.3.2. Mechanistic quantification
Mechanistic investigation of samples was achieved by X-ray powder diffraction, atomic force 
microscope and scanning electron microscope.
4.3.3. X-ray diffraction (XRD)
Samples were prepared by placing the fine powders in a sample holder that has been well 
smeared on a glass slide for measurement in a powdered x-ray diffractometer. Diffraction 
arises through constructive interference due to the illumination of periodic structures of a 
given spacing with the light of a similar wavelength [128]. The X-ray diffraction patterns of 
the nanoparticle samples were recorded using powder diffractometer D8 advance (Bruker 
AXS, Germany), with a copper K alpha radiation source at 40 kV and 40 mA with a LynxEye 
detector.
4.3.4. Scanning electron microscope (SEM)
The surface morphology of the treated and untreated samples was characterized by scanning 
electron microscopy - Zeiss Neon 40EsB FIBSEM with an Oxford Instruments x-act Inca SDD 
x-ray detector and Inca software, and scanning transmission electron microscopy - Tescan 
Mira3 FESEM instrument. High electron beam was used to scan over the surface of the sample 
for improved surface characterization. Several researchers have also reported the effective-
ness of SEM for morphological evaluations [129–134].
5. Results and discussion
5.1. Scanning electron microscope
The scanning electron microscope images show the micrograph of ZrO
2
 and NiO nanoparticles 
(Figure 7). The ZrO
2
 nanoparticle exhibits a distribution of sphere-like shaped particles in the 
range of 25–40 nm, while the NiO nanoparticle displays hexagonal-like shaped particles in the 
range of 10–20 nm. The nanoparticles exhibited approximately uniform size distribution and 
high trends of finely dispersed particles in the bulk state, thus, an indication of low particle-
particle agglomeration inclinations. This behavior can be attributed to the intrinsic properties 
of metal oxide (superior stability) and preparation method (homogenization - Section 1).
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5.2. Particle size and surface area
Particle size plays a vital role in the nanoparticle characterization as their physical and 
chemical properties greatly depend on the particle size. The small particle size of nanopar-
ticles yields important features such as surface area. Nanoparticle size and surface area are 
interrelated; as the nanoparticle size becomes negligible, the particle surface area increases. 
Bulk materials as opposed to nanoparticle exhibit larger particle sizes (nanoparticle avarage 
diameter: <100 nm; microparticle >1 μm) with tons of atoms on the inside of the particle 
and limited atoms at the surface, whereas, with nanoparticles more atoms are predomi-
nantly on the outer surface of the particles. Such high surface area enables the bonding of 
other materials on the particle surface and lead to the generation of even much stronger 
materials that promote better interaction with neighboring atoms or ions. Ascertaining the 
nanoparticles size is essential as it affects particulate materials properties and can act as 
an approach to determine the quality and performance of these materials. The particle size 
of the ZrO
2
 and NiO nanoparticles was investigated to obtain more accurate and precise 
size of the particles. Figure 8 shows that the ZrO
2
 particle size was 21–35 nm and NiO was 
in the range of 10–12 nm. The average particle diameter for ZrO
2
 ~ 28 nm and the average 
value for NiO was ~ 12 nm.
Figure 8. Particle size morphology of a) ZrO
2
; b) NiO nanoparticles (<50 nm).
Figure 7. SEM images of: (a) ZrO
2
; (b) NiO nanoparticles.
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5.3. X-ray diffraction analysis
To better understand the crystallographic nature of ZrO
2
 and NiO nanoparticles, the materi-
als were further characterized using X-ray Diffraction (XRD). The XRD peaks usually exhibit 
different patterns and positioning. The pattern of the XRD of a specific sample is mainly 
dependent on the different arrangements of the atoms. The unit cell dimensions and angles 
determine the positions of the peaks. Whereas, the types and positions of the atoms within the 
unit cell determine the intensities of the peaks [128]. Figure 9 shows the typical XRD patterns 
of the ZrO
2
 (in red) and NiO (black) nanoparticles. The scan parameters used for phase identi-
fication were 2theta scan range (degree): 7.5–90; Step size (degree): 0.015; Time/step: 0.7 s and 
total scan time of approximately 1 hr. The XRD pattern indicates the crystallographic structure 
of the nanoparticles. Strong and sharp diffraction peaks at 2θ values were observed in both 
cases (ZrO
2
 - in red; NiO - in black), especially, for NiO with precise peaks - 37, 43.5, 63 etc., 
while the ZrO
2
 diffraction Peaks value were 28.5, 31.5, 34.5, 50.5 etc. The peaks are indications 
of the pure phase formation of the ZrO
2
 and NiO nanoparticles. The crystallographic phases 
of the nanoparticles were also identified. Pure ZrO
2
 exhibits a tetragonal phase (Figure 10 (i)), 
and the pure NiO exhibits a cubic phase (Figure 10 (ii)), consistent with literature [92, 135].
5.4. Contact angle
An understanding of surface chemistry is imperative for evaluating wetting behavior as porous 
media wetting are influenced by the rock surface morphology, as well as, the chemical composi-
tions. Surface chemistry modifications of materials facilitate short-ranged chemical interactions. 
This phenomenon is predominantly governed by the surface and interfacial interactions, which 
act over the scale of molecules, and electrostatic surface forces that determine the extent to which 
Figure 9. XRD patterns of the ZrO
2
 and NiO nanoparticles.
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a fluid can wet a surface [48]. Quantification of wettability of solid surfaces was also performed 
to ascertain the effects of ZrO
2
 and NiO nanoparticle on wettability alteration of carbonate rocks. 
Contact angle tests were conducted at solid-liquid-air interface to ascertain the wetting vari-
ances prior and after nano-modifications. Water-advancing and receding contact angles were 
measured of which the advancing contact angles better defines wettability since its relevant to 
waterflooding [51]. The understanding of contact angle is complex as it exhibits a dependency 
on the solid-liquid interaction and the structure of the solid or mineralogy of the rock sample.
Prior to the contact angle measurement, calcite substrates were cleaned and aged based on 
procedure 4.2.2. The nanofluids were prepared using various nanoparticle concentration 
(0.005–0.05 wt. %) and fixed NaCl brine concentration (7 wt. %) as dispersing agents based 
on procedure 4.2.2. The samples were immersed in the nanofluids and subsequently contact 
Figure 10. (a) Crystallographic phases of the ZrO
2
 nanoparticles exhibiting tetragonal phase. (b). Crystallographic phase 
of the NiO nanoparticles exhibiting cubic phase.
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angles were measured. Figures 12 and 13 (SEM) show nano-modified calcites, as compared to 
the fresh calcite without any nano-modification (Figure 11). The ZrO
2
 nanoparticle exhibits a 
spherical-like shape and more uniformly adsorbed behavior on the calcite surface than NiO, 
while the NiO exhibits a hexagonal-like shape which is consistent with the earlier observation 
in Section 4.31. Figure 15 shows the contact angle measurement as a function of nanoparticle 
concentration for ZrO
2
 and NiO nanoparticle respectively in air. It is expected that the expo-
sure of the calcite to a different environment would change its surface property. The calcite 
upon contact with the ZrO
2
 and NiO nanofluids, film-like deposits of the nanofluids were 
adsorbed on the calcite surface after exposure to air. Such film thickness can vary between 
a fraction to numerous fractions of a molecule. However, the level of thickness is dependent 
on the affinity of the molecules to the substrate and the corresponding distance to the bulk 
critical point. Moreso, the nano-films on the rock surface may appear thinner than others, 
which is dependent on the nanoparticle type, and their optical and electrical properties. ZrO
2
 
nano-films are relatively thicker than those of other nanoparticles owing to its material prop-
erties such as large band gap >5ev and high-dielectric constant >20 (Petit and Monot, 2015). 
This may have formed better-adsorbed ZrO
2
 nano-layers on the oil-wet calcite surface when 
compared to the NiO nanoparticles.
Figure 11. SEM image of pure calcite surface before nano-modification.
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As the dispensed water droplet comes in contact with the surface of the nano-coated calcite, 
the contact angle decreases owing to the presence of adsorbed nano-layers. This behavior is 
attributed to the favorable interaction of the nanoparticles with the dispersing fluid (NaCl 
brine) and high chemical affinity to the calcite. Such solid-liquid interaction at the interface is 
mainly due to electrostatic interactions. The presence of the nanoparticle increased the surface 
activity of the brine (NaCl), thereby modifying the calcite surface wetting propensity upon 
Figure 12. SEM image of calcite surface after ZrO
2
 nano-modification.
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contact. The nanoparticles in suspension act as a coating mechanism by self-structuring into 
layered NPs and changes the entropy of the system. The particles hydrophilic nature facilitates 
their adsorption on the rock surface in form of a wedge film which in turn displaces the oil 
on the surface of the rock, yielding a hydrophilic state. Ideally, if wettability is preferentially 
altered to favorable water-wet condition and the IFT is ultralow, the forces that retain oil in 
a fractured reservoir can be overcome as capillarity is diminished through the ultralow IFTs. 
Figure 13. SEM image of calcite surface after NiO nano-modification.
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Figure 14 shows the image representation of the transition phase toward water-wet in air from 
88° θ
a
 to 48° θ
a
 (NiO/NaCl) and 38° θ
a
 (ZrO
2
/NaCl). A decrease in contact angle was observed 
for all the systems tested with an increase in the nanoparticle concentration (Figure 15) consis-
tent with literature [36–38, 136–139]. Calcite substrates coated with ZrO
2
/NaCl fluids demon-
strated better wetting propensities than the NiO/NaCl system. The efficiency of the systems is 
due to efficient surface adsorption of the particles on the pore walls of the rock, which invari-
ably rendered the rock surface sufficiently water wet upon contact.
Figure 14. Contact angle images showing variation with increase in nanoparticle concentration (a) unmodified 
(high θ-indicating an intermediate-wet state—88° θ
a
); (B, C) nano-modified—(B) NiO/NaCl modified (NiO 
concentration—0.005–0.05); (C) ZrO
2
/NaCl nano-modified (ZrO
2
 concentration—0.005-0.05) (B and C indicates low θ 
which represents strong interaction with the rock surface, and inclination to wet; I–IV); see graphical representation for 
θ values.
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6. Conclusions
The interfacial behavior of nickel oxide and zirconium oxide nanoparticles at solid-liquid inter-
face was studied on their propensity to alter oil-wet surfaces toward water-wet conditions. The 
ZrO
2
 and NiO nanoparticles exhibited very different structural and morphological features, as 
well as crystallinity phases. The nanoparticles exhibited particles size in ranges below 50 nm 
(< 50 nm) and different shape patterns. The ZrO
2
 nanoparticles are sphere-like shaped par-
ticles while the NiO displayed hexagonal-like shaped particles (Figures 7, 12 and 13). The XRD 
crystallographic structure and phase identification shows the tetragonal phase of the ZrO
2
, 
Figure 15. Receding and advancing water contact angles in air (1 h exposure time) (a) NiO; (b) ZrO
2
 at ambient condition.
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whereas, the NiO nanoparticle has a cubic phase orientation. The nanoparticles also displayed 
favorable adsorption behavior on the calcite surface as evident in the SEM images, which 
facilitated the wetting change quantified by contact angle measurement, however, the ZrO
2
 
based systems exhibited more uniform surface distribution and better wetting than NiO. Thus, 
nanoparticles are considered efficient modifiers for wettability alteration of surfaces toward a 
suitable hydrophilic condition.
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